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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.1 Overview 
 
With the growing energy demand, increasing global environmental issues, 
and depleting energy resources (coal, oil and gas), the need to develop and utilise 
new sources of energy seems inevitable. For these reasons, renewable energy 
resources such as solar, wind, biomass and geothermal, appear as important 
alternative energy options. Solar energy, one of the few clean and abundant 
renewable energy resources, has come into the limelight in recent years. Research in 
this area is going on progressively, even in countries with limited sunshine days per 
year. Blessed with year-rounded sunshine, the solar energy is particularly a feasible 
energy source in Malaysia. It is important to note that the Ministry of Science, 
Technology and Innovation, Malaysia (MOSTI)1 has classified the solar power for 
residential application as the high priority energy research area [1]. 
 
To harness the solar energy, various energy conversion technologies are 
required. Photovoltaic (PV) panels, or commonly known as solar panels, are devices 
used to convert sunlight into electricity. The acronym PV stands for photo (light) and 
voltaic (electricity), whereby sunlight photons free electrons from the atoms of the 
panels and creates a voltage difference. Since the PV panels convert sunlight into 
electricity in the form of direct current (dc), while most electrical devices for 
residential applications require alternating current (ac), dc-ac power conversion is 
                                                 
1 Formerly known as the Ministry of Science, Technology and the Environment, Malaysia (MOSTE). 
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needed. This can be realised by power converter known as inverter. In solar energy 
systems, PV inverter is the power converter used specifically to convert the dc power 
obtained from PV panels into ac power. 
 
From the economic point of view, although the cost of PV power is relatively 
high as compared to other renewable energy sources such as wind and biomass, it has 
decreased from more than $50/W in the early 1980s to about $5/W today [2]. This 
can be attributed to the economics of scale and subsidies from the government, as 
that of Japan and Germany [2], [3]. The future plan from utility providers to 
“purchase” electricity (“buy back” policy) generated by users, for example the Net 
Metering System [4], has further encouraged the development of grid-connected PV 
systems. Besides, the PV panels can be designed as part of the roof structure, 
replacing the conventional ceramic or concrete-based roof tiles. In view of these 
advantages, PV is envisaged as a viable economics proposition of the future. 
 
As the solar energy for residential application is gaining considerable interest, 
there have been numerous PV inverter topologies proposed in the literature [5]-[12]. 
Basically, there are two types of PV inverters, namely the stand-alone PV inverter 
and the grid-connected PV inverter. In the stand-alone mode, the inverter operates 
independently of the grid, and is normally equipped with batteries for energy storage. 
On the other hand, the grid-connected PV inverter operates in parallel with the grid 
without battery storage. If one were to consider the application of PV for residential, 
it is desired that the inverter be able to operate in both operation modes, together 
with the Uninterruptible Power Supply (UPS) features. Furthermore, the future trend 
of inverter design is high efficiency, light weight, small size and low cost. In order to 
achieve these requirements, high-frequency link inverters with bidirectional power 
flow capability have been proposed [13]-[17]. 
 
In residential PV applications, the types of loads connected to the PV inverter 
are rather uncertain. Nonlinear loads such as rectifiers in computer systems could 
cause intense distortion in the output current and voltage waveform. Therefore, a 
high performance inverter is required to maintain the desired sinusoidal output 
voltage waveform over all loading conditions and transients. This is especially 
important if the PV inverter is operated in the stand-alone mode. Generally, the 
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performance of an inverter is evaluated in terms of its dynamic response over sudden 
load changes and steady-state output voltage waveform distortion. The requirements 
can only be achieved by employing closed-loop control. Over the past decades, 
several control techniques have been proposed for closed-loop regulation of inverters 
[18]-[40]. Although most of the control techniques were developed based on line-
frequency inverters, they can be adopted in high-frequency link inverters. In 
addition, a complete PV system may be incorporated with Maximum Power Point 
Tracking (MPPT) controller [8], [11], which is used to transfer maximum available 
power from the PV panels to the PV inverter. 
 
Traditionally, closed-loop inverter systems have been implemented using 
analogue components, such as resistors, capacitors and operational amplifiers. 
Today, with the explosive growth and expanding efficiency of digital technology, 
digital-based inverter system is getting more prevalent over its analogue-based 
counterpart. Microprocessors and Digital Signal Processors (DSPs) have been used 
for Pulse Width Modulation (PWM) pulse generation and real-time controller of 
inverter systems. In fact, digital-based systems have many advantages over analogue-
based systems. For instance, digital-based systems are programmable thus offering 
flexibility in system modifications. In contrast, analogue-based systems depend on 
the variation of constant condition of parts. Hence, the complicated parameters 
tuning is avoided in digital-based systems. This makes the design process of closed-
loop controller for inverter systems much easier, enabling shorter time of system 
development. Moreover, digital-based systems are robust towards environmental 
effects and ageing drift, tangibly enhance the system performance. Therefore, 
adopting digital technique is an extra motivation to the design and development of 
closed-loop inverter systems. 
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1.2 Objective, Scope and Importance of Research 
 
1.2.1 Objective of Research 
 
The objective of this research is to propose, design and implement a digital 
controller for closed-loop regulation of Bidirectional High-Frequency Link (BHFL) 
inverter. The BHFL inverter topology was originally proposed by Ramli et al. [17]. 
The controller scheme chosen is Deadbeat control, to provide fast dynamic response 
and good steady-state output voltage waveform. 
 
 
 
1.2.2 Scope of Research 
 
There are many control functions in a PV inverter system, such as inverter 
voltage regulation, power factor control, phase synchronisation with grid voltage, 
MPPT, and other protection functions. As the developed BHFL inverter is meant for 
both grid-connected mode and stand-alone mode with UPS features, a high 
performance closed-loop controller is needed. The controller must fulfil the stringent 
requirements of voltage regulation under all loading conditions, particularly in stand-
alone mode. A high performance controller can also be operated in grid-connected 
mode by incorporating the MPPT controller, Phase Lock Loop (PLL) [8], [41] and 
islanding function. The scope of this research is limited to the following items for 
closed-loop regulation of the BHFL inverter: 
 
i. Study of various control techniques for PWM inverters 
Prior knowledge of control systems, such as design considerations, analysis 
methods and practical implementation aspects is acquired [42]-[46]. Several 
previous works on closed-loop control techniques for high performance 
inverters are reviewed [18]-[40]. The critical loads in residential PV 
applications are also identified and their characteristics are studied. 
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ii. Selecting appropriate control technique for the BHFL inverter 
Deadbeat control technique has been selected as it exhibits fast dynamic 
performance and good steady-state response of the output voltage. 
 
iii. Analytical modelling of the BHFL inverter and controller design 
A dynamic model of the BHFL inverter has been derived using the state-
space averaging method [47]. The Deadbeat controller is then designed based 
on the state-space model. 
 
iv. Computer simulation 
To verify the performance of the designed controller, a complete simulation 
model of the closed-loop BHFL inverter is developed. The computer 
simulation package used is MATLAB/Simulink2. The system performance is 
verified under various loads and conditions. 
 
v. Hardware implementation 
To validate the feasibility of the proposed control technique, a hardware 
prototype is constructed. The tasks include selecting the appropriate digital 
processor, designing the power circuit, gate drivers, feedback and signal 
conditioning circuits, and implementing the control algorithm. The selected 
digital processor is the DS11043 DSP board. The critical load test-rigs are 
also constructed. 
 
vi. System verification and improvement 
Laboratory experiments are carried out on the system under various loads and 
conditions. Necessary modifications and fine-tuning are made to further 
improve the performance of the system. 
 
 
 
 
 
                                                 
2 MATLAB is the trademark of The MathWorks, Inc. 
3 DS1104 is provided by dSPACE GmbH. 
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1.2.3 Importance of Research 
 
The decreasing cost of PV power has been the main impetus of developing 
PV systems. Looking at the full potential of residential PV system in Malaysia, 
research and development investment has been made by the government. Some of 
the early PV systems are being applied for rural electrification and 
telecommunication [3], [48]. The PV is anticipated to play a more prominent role 
once the grid-connected system is well-established with the legal framework for 
users selling power to the utility provider is in place. 
 
In a complete PV system, the inverter is normally equipped with closed-loop 
controller. The controller plays a vital role in maintaining the sinusoidal output 
voltage waveform over all loading conditions. Hence, there is a need to develop a 
high performance controller for the BHFL inverter. Although many modern control 
techniques have been proposed in the literature, they are mainly developed for line-
frequency inverters [25]-[38]. On the other hand, the published works on high-
frequency link inverters only utilising conventional control techniques [7], [8], [13], 
[14], [16]. As the inverter and closed-loop controller work together as a complete 
system, it is of preference to apply the modern control techniques into high-
frequency link inverters. In this research, the Deadbeat control technique, which has 
been applied in line-frequency PWM inverters since 1980s [33], is adopted for 
closed-loop regulation of the BHFL inverter. Besides verifying the feasibility of the 
control technique on high-frequency link inverter, it also bridges the gap between 
researches in these two areas. 
 
Deadbeat control is selected for closed-loop regulation of the BHFL inverter 
because it provides excellent dynamic response. The proposed controller consists of 
inner current loop controller, outer voltage loop controller and feedforward controller. 
The controller has same structure for the current and voltage loop controllers, which 
simplifies design and implementation. To improve overall performance of the system, 
additional decoupling networks are employed. A voltage disturbance decoupling 
network is added to the voltage loop controller. Similarly, a current disturbance 
decoupling network is added to the current loop controller. The decoupling networks 
take into account the model discretisation effect. Therefore, improved system 
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robustness towards load variations is envisaged. In the proposed control technique, 
there is no observer or estimator applied. This is an advantage because inclusion of 
observer might introduce estimation errors. The implemented controller possesses 
fast dynamic response with good steady-state response under all loading conditions. 
This paves a way to Deadbeat control to be applied in high-frequency link inverters, 
which hitherto have not been applied. With necessary modifications, the BHFL 
inverter with Deadbeat controller is suitable for stand-alone and grid-connected 
residential PV applications. 
 
 
 
1.3 Organisation of Thesis 
 
This thesis is organised into seven chapters. The content of these chapters are 
outlined as follows: 
 
• Chapter 2 provides an overview of various line-frequency and high-frequency 
link inverter topologies. Closed-loop control techniques for inverters are also 
presented. The merits and drawbacks of the control techniques are discussed. 
  
• Chapter 3 describes the BHFL inverter and its operating principle. The 
analysis and design of the proposed Deadbeat controller are explained in 
considerable detail. The robustness of the designed controller against 
parameter mismatches is also investigated. 
 
• Chapter 4 presents the system modelling of the BHFL inverter with the 
proposed Deadbeat controller using MATLAB/Simulink simulation package. 
Descriptions are given on the modelling procedures using blocksets from 
MATLAB/Simulink libraries. 
 
• Chapter 5 describes the laboratory experimental set-up. Brief explanation is 
given on the power circuit and gate drives. Detailed description is provided 
on the implementation of the proposed controller using DS1104 DSP. This 
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includes the design and realisation of digital filters, and introduction of pulse 
equalisation technique into the proposed Deadbeat controller. 
 
• Chapter 6 evaluates the performances of the proposed controller. This is 
performed in comparison with the conventional PI controller and the 
multirate digital controller. Various types of loads are tested on the system. 
The simulation and experimental results are provided. 
 
• Chapter 7 concludes the works undertaken and highlights the contributions of 
this research. Several suggestions are provided as possible directions for 
future work. 
